. Epithelial cell spreading induced by hepatocyte growth factor influences paxillin protein synthesis and posttranslational modification. Am J Physiol Gastrointest Liver Physiol 287: G886 -G898, 2004. First published June 10, 2004 10.1152/ajpgi.00065.2004.-Superficial wounds in the gastrointestinal tract rapidly reseal by coordinated epithelial cell migration facilitated by cytokines such as hepatocyte growth factor (HGF)/ scatter factor released in the wound vicinity. However, the mechanisms by which HGF promotes physiological and pathophysiologic epithelial migration are incompletely understood. Using in vitro models of polarized T84 and Caco-2 intestinal epithelia, we report that HGF promoted epithelial spreading and RhoA GTPase activation in a time-dependent manner. Inducible expression of enhanced green fluorescent protein-tagged dominant-negative RhoA significantly attenuated HGF-induced spreading. HGF expanded a zone of partially flattened cells behind the wound edge containing basal F-actin fibers aligned in the direction of spreading. Concomitantly, plaques positive for the focal adhesion protein paxillin were enhanced. HGF induced an increase in the translation of paxillin and, to a lesser extent, ␤ 1-integrin. This was independent of cell-matrix adhesion through ␤ 1-integrin. Subcellular fractionation revealed increased cosedimentation of paxillin with plasma membrane-containing fractions following HGF stimulation, without corresponding enhancements in paxillin coassociation with ␤ 1 integrin or actin. Tyrosine phosphorylation of paxillin was reduced by HGF and was sensitive to the Src kinase inhibitor PP2. With these taken together, we propose that HGF upregulates a free cytosolic pool of paxillin that is unaffiliated with either the cytoskeleton or focal cell-matrix contacts. Thus early spreading responses to HGF may partly relate to increased paxillin availability for incorporation into, and turnover within, dynamic cytoskeletal/membrane complexes whose rapid and transient adhesion to the matrix drives migration.
THE INTESTINE IS LINED by a monolayer of epithelial cells that serves as the first barrier between the intestinal lumen and the internal milieu. In disease states such as idiopathic inflammatory bowel disease and ischemic colitis, this barrier is disrupted by mucosal wounds, which then serve as conduits for lumenal bacteria and other antigens to access deeper tissues. Small defects in the epithelium efficiently recover by cohesive migration of epithelial sheets (8, 35, 58) . This form of migration contrasts fundamentally with that of hematopoetic cells or fibroblasts, where cells migrate individually instead of as a sheet. Cohesively migrating epithelial cells must maintain cell-cell contacts to prevent new gaps in the epithelial barrier from forming and to ensure rapid coverage of denuded surfaces. Epithelial migration has been extensively studied using both in vivo and in vitro models (5, 9, 23, 27, 40, 41, 78, 79) .
Migrating epithelial cells undergo a remarkable transition in cell shape, changing from erect columnar cells to flattened, elongated cells. Dynamic modifications in the actin cytoskeleton mediate such changes in epithelial cell shape and cell movement (8, 41) . Epithelial cells at the wound edge extrude thin F-actin-rich projections termed lamellipodia and filopodia, which are regulated by the small GTPases Rac and Cdc42, respectively (24, 34, 39, 50, 63) . These projections transiently affiliate with the extracellular matrix (ECM) at focal adhesion complex sites (3) . Such interactions are dynamic and play a key role in linking the intracellular environment to the ECM, providing a bidirectional sensing mechanism during cell migration (13, 25, 26, 62, 68) .
Epithelial injury and active inflammation are associated with release of cytokines into the milieu, which, in turn, influences cell migration. One such cytokine, which is secreted by subepithelial mesenchymal cells and acts in a paracrine fashion on epithelial cells, is termed hepatocyte growth factor (HGF)/ scatter factor. HGF is a pluripotent cytokine that has potent motogenic effects on epithelial cells (12, 37, 53, 67, 69) . Secreted in an inactive form and activated by proteolytic cleavage, HGF binds specific receptors exhibiting tyrosine kinase activity (15, 54 -56, 64) . Engagement of the main HGF receptor c-MET (38) regulates cell motility, mitosis, and tubule formation/branching (6, 29, 40) in different human tissues and organ systems (10, 21, 66, 74) . Thus HGF is important for gastrointestinal wound healing, neural growth, and development (1, 30, 52) , which is best illustrated by the fact that HGF knockout mice die in utero of liver and placental developmental defects (61, 71) . However, HGF has also been implicated in the pathophysiological growth and metastasis of several human tumors (7, 16, 31, 33, 36) . Therefore, a better understanding of the mechanisms by which HGF influences coordinated epithelial migration is central to manipulating both the physiological and pathophysiological consequences of its activity.
Our study demonstrates that HGF enhances coordinated epithelial cell spreading at 6 h and expands a partially flattened cell population behind the leading edge. Activation of the small GTPase RhoA is important at this time, and expression of dominant-negative RhoA significantly attenuates the HGFinduced cell-spreading response. HGF also promotes aggregation of the focal adhesion protein paxillin and enhances the protein synthesis of paxillin and, to a lesser extent, ␤ 1 -integrin. This is independent of adhesion to the cell matrix through ␤ 1 -integrin. Although paxillin protein levels increase both in whole cell lysates and plasma membrane-containing fractions in response to HGF, paxillin coassociation with either ␤ 1 -integrin or actin is not enhanced by HGF. Moreover, HGF diminishes Src kinase-mediated tyrosine phosphorylation of paxillin, which may limit paxillin accumulation or function at focal cell-matrix contact sites. Our results suggest that HGF induces a "free" cytosolic pool of paxillin whose availability may facilitate rapid and dynamic turnover of transient focal cell-matrix contacts during the early spreading response to HGF.
MATERIALS AND METHODS
Cell culture. T84 colonic epithelial cells (American Type Culture Collection, Manassas, VA) were grown in 1:1 DMEM and Ham's F-12 medium supplemented with 15 mM HEPES (pH 7.5), 14 mM NaHCO 3, 2 mM L-glutamine, 40 g/ml penicillin, 8 g/ml ampicillin, 90 g/ml streptomycin, and 6% newborn calf serum as previously described (28) . Caco-2 colonic epithelial cells were grown in high glucose DMEM supplemented with 15 mM HEPES (pH 7.4), 2 mM L-glutamine, 100 U/ml penicillin, 100 g/ml streptomycin, 1% nonessential amino acids, and 10% fetal calf serum. Cells were subcultured every 6 -8 days with 0.1% trypsin and 1.0 mM EDTA in Ca 2ϩ -and Mg 2ϩ -free PBS. Antibodies, cytokines, and chemicals. Anti-paxillin (Zymed Laboratories, San Francisco, CA), actin (Sigma, St. Louis, MO), ␤ 1-integrin [MAb13, kind gift of Dr. K. Yamada, National Institutes of Health (NIH)] and Y118-phospho-paxillin (Cell Signaling Technologies, Beverly, MA) were used for immunolocalization, Western blot analysis, and immunoprecipitation. Recombinant human HGF was a kind gift of Genentech (P. Godowski, San Francisco, CA). It has previously been shown (40) that a concentration of 300 ng/ml has an optimal effect in T84 epithelial cells. Protease and phosphatase inhibitor cocktails and alkaline phosphatase assay kits were purchased from Sigma, and Triton X-100 (TX-100) from Roche Applied Sciences (Indianapolis, IN).
Wounding of epithelial monolayers. In confluent T84 intestinal epithelial cells grown on 24-well plates, reproducible linear wounds were made using a sterile stainless-steel wounding device consisting of a metal tube 1.5 cm in length (external diameter: 0.5 mm, beveled tip internal diameter: 0.25 mm) attached to a vacuum flask. Monolayers were then incubated basolaterally with HGF (300 ng/ml) or serum-free medium alone and allowed to migrate for 6 h. An inverted Zeiss microscope (Axiovert 35 M; Zeiss, Oberkochen, Germany) and a video camera (Hamamatsu Photonic Systems, Bridgewater, NJ) were used to photograph wounds at 0 and 6 h, and wound sizes were measured using Scion Image (Scion, Frederick, MD). For biochemical experiments, epithelial cells on 5-or 45-cm 2 permeable supports were wounded using a wounding comb with numerous parallel ports 1 mm apart to enrich for spreading/migrating cells.
GTPase activation assays. To test for RhoA activation in T84 cells on HGF treatment, a rhotekin-binding assay was performed as previously described (46) . Briefly, confluent T84 monolayers on 5-cm 2 collagen-coated inserts were wounded, allowed to migrate for up to 6 h with or without HGF, and harvested into lysis buffer (25 mM HEPES, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 10 mM MgCl 2, 1 mM EDTA, 2% glycerol, and protease inhibitor cocktail). After centrifugation to remove cell debris, lysates were rotated for 45 min/4°C with a 40-l slurry of a Rhotekin-GST fusion protein coupled to agarose beads (Upstate Biotechnology, Lake Placid, NY).
GTP␥S was used as a positive control for Rho activation. Beads were collected by centrifugation, washed three times with lysis buffer, and resuspended in reducing sample buffer. After being boiled, equivalent protein concentrations of pull-down (active GTPase) and whole cell lysate (total GTPase) were separated by SDS-PAGE on 15% Tris ⅐ HCl gels, transferred to nitrocellulose, and Western blot analyzed with monoclonal anti-RhoA (Santa Cruz Biotechnology, Santa Cruz, CA). The activation status of Rac and Cdc42 was similarly tested using a GST fusion protein of the Rac/Cdc42 effector PAK-1 conjugated to agarose beads (Upstate Biotechnology). Activated Rac/Cdc42 from pull-down experiments and total Rac/Cdc42 from whole cell lysates were detected by SDS-PAGE and Western blot analysis for Rac or Cdc42 (Transduction Laboratories, Lexington, KY).
Generation of stable, inducible cell lines expressing dominant negative RhoA. The GeneSwitch system (Invitrogen, Carlsbad, CA) was used to generate an inducible epithelial cell line expressing dominant negative (DN)-RhoA. Caco-2 cells, which have many structural and functional features in common with T84 cells, were used because they are significantly more responsive to transfection than T84s. The system uses a regulatory plasmid (pSwitch) encoding a fusion protein (GAL4-DBD/hPR-LBD/p65-AD), which is activated by a synthetic steroid, mifepristone. Binding of mifepristone to the transcriptional fusion protein results in an activating conformational change inducing interaction of the fusion protein with the GAL4 binding site on both the regulatory and expression plasmid (pGene/ V5-His B). The resulting positive feedback loop regulates expression of the transcriptional element as well as expression of DN-RhoA. The DN-RhoA mutant sequence was amplified from a pU-myc-RhoA-N19 construct (gift of M. Symons) using the following primers: forward: 5Ј-cggaattcaatggctgccatccggaagaaactgg-3Ј; reverse: 5Ј-gcggatccggacaagacaaggcaaccag-3Ј. Amplified sequences were digested with EcoR1 5Ј and BamH1 and ligated into an enhanced green fluorescent protein (pEGFP) plasmid (Clontech, BD Biosciences, NJ). The fusion sequence was digested from the FpEGFP plasmid using EcoR1 and NotI and ligated into the GeneSwitch inducible plasmid pGene/V5-His B. Plasmids were sequenced for confirmation. The regulatory plasmid was transfected into subconfluent Caco-2 cell monolayers (30 -40% confluent) using Fugene 6 and selected in media containing 100 g/ml hygromycin. Secondary transfections with the plasmid containing DN-RhoA-EGFP were then performed as above and selected with zeocin (200 ng/ml). For wounding experiments, cells were plated on 24-well plates as described above, and EGFP-DN-RhoA expression was induced in test wells using mifepristone (10 nM/24 h). Mutant induction was verified visually before each experiment by GFP positivity under an inverted fluorescence microscope. Mifepristone was also added during subsequent incubations with HGF to maintain induction. Noninduced controls (containing the GFP-DNRhoA plasmid but not expressing it) were never exposed to mifepristone. Negative control cells not transfected with EGFP-DN-RhoA were exposed to mifepristone to exclude any effects of the latter on normal cells.
Immunofluorescence. Wounded T84 monolayers migrating for 6 h with or without HGF were washed in Hanks' balanced salt solution (HBSS). To visualize F-actin, monolayers were fixed in 3.7% paraformaldehyde, permeabilized in 0.5% TX-100, and incubated with Alexa Fluor 568 phalloidin (Molecular Probes, Eugene, OR) for 40 min at room temperature (RT). Paxillin and ␤1-integrin were highlighted after fixing in 100% ethanol at Ϫ20°C for 20 min. Monolayers were then incubated in 5% normal goat serum in HBSS (1 h/RT), primary antibodies (1 h/RT), and appropriate fluoresceinated secondary antibodies (2.5 g/ml; 1 h/RT, Jackson Immunoresearch Laboratories, West Grove, PA). Cell nuclei were highlighted with To-Pro-3-iodide (1 g/ml; Molecular Probes). Monolayers were mounted in 1:1:0.01 (vol/vol/vol) PBS/glycerol/p-phenylenediamine and analyzed on an LSM 510 confocal microscope (Carl Zeiss Microimaging, Thornwood, NY).
Cell isolation and inhibitor experiments.
To examine the involvement of Src family tyrosine kinases in HGF-mediated phosphorylation of paxillin, wounded T84 monolayers on 5-cm 2 permeable supports were exposed to the Src inhibitor PP2 (10 M) for 6 h in the presence or absence of HGF during migration. PP3 (10 M) was used as a negative control. Monolayers were washed in HBSS and scraped into TX-100 extraction buffer (in mM: 100 KCl, 3 NaCl, 3.5 MgCl 2, and 10 HEPES, pH 7.4) containing 1% TX-100 with protease and phosphatase inhibitor cocktails (Sigma). Cell lysates were subjected to low-speed centrifugation (1,500 g ⅐ 5 min Ϫ1 ⅐ 4°C Ϫ1 ) and equivalent protein concentrations in the postnuclear lysate from control and HGF-treated monolayers subjected to SDS-PAGE and immunoblotted for paxillin, phospho-paxillin, and ␤ 1-integrin as described (40) . For ␤1-integrin blocking experiments, wounded T84 monolayers on 5-cm 2 permeable supports were either preexposed to 5 g/ml of the functionally inhibitory ␤ 1-integrin antibody MAb13 for 2 h before HGF/ control medium application for a subsequent 6 h (Pre); or coexposed to MAb13 and HGF/control medium during a 6-h migration period (Co). As a negative control, identical monolayers were coincubated for 6 h with HGF/control medium and a 1:50 dilution of normal rat serum. Postnuclear lysates were prepared and Western blot analyzed as above.
Subcellular fractionation. T84 monolayers on 45-cm 2 inserts were wounded as previously described and allowed to migrate in the presence or absence of HGF for 6 h. Cells were harvested into an extraction buffer (as previously described but lacking TX-100). Cells were then disrupted by nitrogen cavitation (250 lbs. ⅐ in .Ϫ2 ⅐ 15 min Ϫ1 ⅐ 4°C Ϫ1 ) as described previously (22) . Unbroken nuclei and cellular debris were removed from the resultant lysate by low-speed centrifugation (1,500 g ⅐ 5 min Ϫ1 ⅐ 4°C Ϫ1 ). The supernatant was subjected to isopycnic sucrose density sedimentation on continuous 20 -55% (wt/wt) linear sucrose gradients in a Beckman SW28 swinging bucket rotor (23,500 rpm ⅐ 3 h Ϫ1 ⅐ 4°C Ϫ1 ) as previously described (22) . After ultracentrifugation, up to 30 sequential fractions were collected and analyzed for protein content by bicinchoninic acid assay (Pierce, Rockford, IL) and alkaline phosphatase activity by measuring alkaline hydrolysis of p-nitrophenyl phosphate (Sigma). Actin, ␤ 1-integrin, and paxillin distribution in the fractions were then assessed by Western blot analysis as detailed in HGF enhances paxillin association with plasma membranes.
Immunoblotting and immunoprecipitation. Whole cell lysate and subcellular fractionation samples were denatured by boiling in Laemmelli sample buffer containing 20 mM dithiothreitol, subjected to SDS-PAGE, and transferred to nitrocellulose. Transferred proteins were probed with antibodies to paxillin, Y118-phospho-paxillin, actin, or ␤ 1-integrin and visualized by enhanced chemiluminescence (ECL; Amersham Pharmacia, Piscataway, NJ) using previously described methods (20, 42) . Paxillin and ␤ 1-integrin were immunoprecipitated from either postnuclear lysates or diluted plasma membrane fractions (from subcellular fractionations) by incubation with the relevant primary antibody (5 g ⅐ 3 h Ϫ1 ⅐ 4°C Ϫ1 ) followed by protein G-Sepharose (Amersham Pharmacia; 3 h/4°C). Immunoprecipitated proteins were subjected to SDS-PAGE, transferred to nitrocellulose, probed with antibodies as above and visualized by ECL.
Statistics. Results are expressed as means Ϯ SE throughout. Paired or unpaired Student's t-tests were used to compare results from different experimental procedures. Statistical significance was assumed at P values Ͻ0.05. Individual experiments were performed with two to six replicates, and each experiment was performed independently at least three times.
RESULTS

Cohesive migration of epithelial sheets is facilitated by HGF
in a RhoA-dependent fashion. Coordinated migration of epithelial sheets is crucial for efficient sealing of superficial wounds in the gastrointestinal tract in a process termed "restitution." For cells to migrate effectively, they must first flatten out and spread into a wound. Several bioactive mediators are known to influence this process. To further our studies on the effects of one such mediator, recombinant human HGF, on cell migration, we used the human intestinal epithelial cell lines T84 and Caco-2 as related model systems. First, we show that HGF promotes wound closure in T84 monolayers in a timedependent manner (Fig. 1A) . Migratory responses to HGF in Caco-2 cells were similar to those in T84 cells (data not shown). At the 6-h time point used throughout the rest of the study, HGF-stimulated migration was quantitatively analogous in both cell types.
The most significant effects of HGF on T84 cell spreading were observed 4 and 6 h postwounding, after which time wound closure began to plateau. In parallel with the timing of maximal spreading responses in T84 cells, there was also a peak in activity of the small GTPase RhoA in HGF-treated samples at 6 h (Fig. 1B) . At earlier time points, RhoA activity in control samples was similar to, or sometimes exceeded that of, HGF samples. This may reflect rapid and dynamic cycling of GTPases between active and inactive states. However, we consistently observed peak induction of RhoA activity in response to HGF after 6 h migration.
In contrast to RhoA, activity levels of the closely related GTPases Rac1 and Cdc42 in HGF-treated T84 cells peaked at early time points but were lower than those in control samples by 6 h. The nonhydrolyzable analog GTP␥S was used as a positive control for GTPase activation, and levels of total (active ϩ inactive) GTPase were determined by Western blot analysis of whole cell lysates. Total levels of RhoA, Rac1, and Cdc42 were similar between all experimental conditions (data not shown).
Because we observed increased RhoA activity following 6 h incubation with HGF, we further analzyed the role of this GTPase in HGF-stimulated spreading by expressing DN-RhoA in an inducible system. As shown in Fig. 1C , a Caco-2 cell line stably expressing EGFP-tagged DN-RhoA under the control of a mifepristone-inducible promoter was wounded in a scratch assay and allowed to spread into the wounds for 6 h in the presence or absence of HGF. Wound closure in monolayers in which DN-RhoA expression was not induced (NI) was compared with that in monolayers induced (I) to express DNRhoA. Successful mutant induction was confirmed by a positive GFP signal in induced monolayers (data not shown) and the appearance of a higher molecular weight species representing EGFP-DN-RhoA in addition to native RhoA in whole cell lysates blotted for RhoA (data not shown). In samples not induced to express DN-RhoA, HGF-treated monolayers spread significantly more than controls by 6 h (P Ͻ 0.001 by unpaired Student's t-test). Induction of DN-RhoA expression inhibited basal cell migration by 24% compared with that in NI controls. However, induction of DN-RhoA in HGF-treated samples significantly attenuated epithelial spreading compared with that in NI samples treated with HGF (46% reduction; P Ͻ 0.001 by unpaired Student's t-test). These effects were specifically due to mifepristone-induced expression of the EGFP-DN-RhoA construct, because mifepristone itself had no effect on the motility of nontransfected cells treated with vehicle or HGF (compare gray bars in Fig. 1C to NI control and NI-HGF). Our results indicate that although RhoA is involved in basal spread-ing of control cells, enhancement of its activation by HGF was important for HGF-mediated enhancements in cell spreading.
HGF enhances reorganization of F-actin and focal adhesion proteins during spreading. Because RhoA activity governs F-actin stress fiber formation (50) and stress fibers, in turn, anchor cells to the matrix and influence migration, we therefore examined the influence of HGF on stress fiber organization in migrating epithelial sheets. As seen in Fig. 2A , F-actin (highlighted by fluorescent phalloidin) was organized in discrete basal structures of migrating T84 cells. We observed broadening of a flattened zone of cells behind the leading edge of T84 migrating epithelial sheets exposed to HGF. Similar results were observed in Caco-2 cells (data not shown). This led us to define three distinct morphological zones in migrating epithelial cells, summarized pictorially in Fig. 2B . Closest to the wound edge (zone I), cells have a flattened-out morphology and display prominent cellular extensions referred to as lamellipodia and filopodia, which are also a characteristic of nonepithelial cell types (25, 34) . Adjacent to zone I is a region of partially-flattened cells extending 3-4 cell diameters back from the wound edge (zone II). Behind zone II is zone III, where epithelial cells are tall, columnar, and polarized similar to nonmigrating or stationary cells. Exposure to HGF induced a marked expansion in the proportion of partially flattened (or zone II) epithelial cells oriented in the direction of migration, as shown by F-actin staining and imaging in the xz plane (Fig.  2C ). These cells made an important contribution toward covering denuded surfaces, facilitating wound closure. Zones I and III were morphologically similar between control and HGFexposed cells.
Because the membrane of migrating cells must dynamically anchor to the cell matrix during cell motility, we next concentrated on potential links between F-actin stress fibers and the cell membrane. One key link is formed by the actin-binding protein paxillin, which binds in a cytoplasmic complex to F-actin and putatively binds to ␤ 1 -integrin in the cell membrane (70) . Localization of paxillin at focal cell matrix contact sites, termed focal adhesions, is critically important in migration. We therefore analyzed the distribution of paxillin and ␤ 1 -integrin in a cohesively migrating epithelium and determined the influence of HGF on this distribution. As shown in en face images (Fig. 3A, a-d) , paxillin (green) was distributed in discrete focal plaques at the leading edge of lamellipodia and filopodia (arrows) in zone I of both control (a) and HGFincubated (c) cells. HGF incubation induced aggregation of paxillin-positive plaques in zone II cells (c; arrowheads). Some paxillin was also observed at the base of actively migrating and spreading cells in zones I and II, respectively. Basal paxillinpositive plaques observed in tall columnar cells of zone III were not dramatically different in control vs. HGF-treated cells. To determine the spatial distribution of paxillin relative to the actin cytoskeleton, cells were double labeled for paxillin and F-actin (b, d; red). Paxillin-labeled plaques were identified along the tips of basal F-actin filaments. HGF treatment induced not only an expansion in the size of zone II, but also accentuated basal paxillin-positive plaques in this zone (c, d, arrowheads).
Focal complex proteins such as paxillin signal to the ECM via transmembrane integrins. In particular, ␤ 1 -integrin plays an important role in mediating migration of T84 epithelial cells (27) . In our model of epithelial spreading (Fig. 3B, e-h) , Fig. 1 . Hepatocyte growth factor (HGF) enhances epithelial restitution in a Rho-dependent fashion. A: confluent T84 intestinal epithelial monolayers were wounded and allowed to migrate for up to 6 h in the presence or absence of HGF (300 ng/ml) in serum-free medium. Although both control and HGFtreated cells migrated progressively into the wound over time, wound closure was significantly enhanced by HGF at 4 and 6 h (*P Ͻ 0.05 and **P Ͻ 0.01, respectively, by 2-tailed unpaired Student's t-test). Data are expressed as means Ϯ SE from 3 separate experiments. B: activation status of Rho family GTPases was tested in T84 monolayers incubated for 0, 2, 4, and 6 h postspreading in the presence or absence of HGF. RhoA activity peaked at 6 h, corresponding with a dip in the activity of Rac1 and Cdc42. GTP␥S (100 M) was used as a positive control to verify GTPase activation. C: effect of dominant-negative (DN) RhoA expression on basal and HGF-stimulated spreading was examined at 6 h in Caco-2 cells expressing enhanced green fluorescent protein (EGFP)-DN-RhoA under inducible control of the synthetic steroid mifepristone. In noninduced (NI) cells not expressing EGFP-DN-RhoA, HGF significantly increased spreading over control levels (***P Ͻ0.001 by 2-tailed unpaired Student's t-test). When EGFP-DN-RhoA expression was induced (I) with mifepristone, wound closure in control monolayers was slightly reduced, but there was a significant attenuation of HGF-stimulated wound closure (***P Ͻ 0.001 by 2-tailed unpaired Student's t-test). Mifepristone itself was without effect on cell migration in nontransfected cells treated with vehicle or HGF. ␤ 1 -integrin was observed to localize in thin, veil-like structures at the leading edge of control migrating cells (e; arrow) and also in their basal membranes (e; arrowhead). There were no major differences in ␤ 1 -integrin localization at the leading edge (g; arrow) or in basal membranous structures (g; arrowhead) of epithelial cells following HGF treatment.
HGF upregulates paxillin and ␤ 1 -integrin protein synthesis. Given increases in both number and density of paxillin-based plaques in spreading epithelial cells exposed to HGF, we next examined whether paxillin protein levels were altered in whole cell lysates prepared from migrating T84 monolayers treated with control medium vs. HGF for 6 h. As shown in Fig. 4A , there was a large increase in abundance of the 68-kDa species corresponding to paxillin in HGF-exposed T84 monolayers. ␤ 1 -Integrin protein levels were also upregulated in HGFtreated T84 cells relative to controls, but less consistently and to a lesser extent than those of paxillin. Total actin protein levels were stable in both control and HGF-treated T84 samples. Similar results were observed in Caco-2 cells (data not shown).
A number of potential explanations could account for enhancements in paxillin and ␤ 1 -integrin levels. A positive effect of HGF on cell division within the 6-h time frame was excluded, because the doubling time for T84 cells is in the order of days rather than hours (data not shown). Therefore, we next investigated whether enhanced translation could account for the increase (Fig. 4B) . In the presence of the translation inhibitor cycloheximide (10 -20 M), we observed a decrease in paxillin protein levels both in control migrating T84 monolayers and to a greater extent in those exposed to HGF. The existence of a cycloheximide-sensitive pool of paxillin suggests rapid translational upregulation in response to wounding itself and implicates paxillin translation as an event in HGFinduced cell spreading. ␤ 1 -Integrin levels in HGF-treated monolayers were also somewhat decreased by cycloheximide treatment, suggesting translational regulation to a lesser extent than with paxillin. In contrast, actin protein levels were unaltered by cycloheximide, implying that its redistribution rather than new protein synthesis may be important in HGF-induced cell spreading. 
Enhanced paxillin protein synthesis by HGF is independent of enhancements in cell migration.
To investigate the relationship between increased paxillin translation and engagement of its potential binding partner ␤ 1 -integrin with the matrix after HGF exposure, we tested whether observed increases in paxillin could be blocked by MAb13, a functionally inhibitory anti-␤ 1 -integrin antibody that inhibits T84 cell migration (27) . Thus Western blot analysis was used to compare protein levels in cells migrating in the presence or absence of HGF (Fig. 5) . Neither preincubation of wounded T84 monolayers with anti-␤ 1 (MAb13, Pre) before HGF exposure nor coincubation of wounded monolayers with HGF and anti-␤ 1 (MAb13, Co) affected HGF-mediated upregulation of paxillin protein levels. T84 monolayers coincubated with normal rat serum and HGF (rat serum, Co) as a negative control also showed similar upregulation of paxillin. Inhibition of migration with antibodies to ␤ 1 -integrin did not substantially affect total protein levels of ␤ 1 -integrin and actin over that in control and HGF-treated monolayers not exposed to blocking antibody.
HGF enhances paxillin association with plasma membranes. Having determined that paxillin translation is upregulated in migrating or nonmigrating epithelial monolayers in response to HGF, we questioned whether there was an increase in paxillin affiliation with the plasma membrane. Potential assembly of actin-paxillin-␤ 1 complexes could be an important mechanism accounting for increased migration. We used a subcellular fractionation approach to isolate plasma membranes from spreading cells and to define the affiliation of ␤ 1 -integrin, paxillin, and actin with this pool. Control or HGF-exposed T84 cells were lysed and subjected to isopycnic sucrose density gradient centrifugation on 20 -55% linear gradients. The profiles of a plasma membrane marker (alkaline phosphatase) and the total protein concentrations in successive gradient fractions are plotted in Fig. 6A . The linear sucrose density profile in the two gradients is also shown in Fig. 6A . Exposure to HGF did not influence recovery of plasma membranes, which were observed as a unimodal peak of activity for the brush border enzyme alkaline phosphatase in ϳ33-41% sucrose. Total protein concentrations were similar between control and HGFexposed samples, with soluble cytosolic proteins mostly recovered at the top of the gradient after fractionation.
Western blot analysis of fractions separated by SDS-PAGE (Fig. 6B ) revealed essentially two pools of paxillin in control gradients. Whereas the majority of paxillin was identified in low-density fractions from the top of the gradient containing the largest pool of cellular proteins, a small but defined pool of paxillin cosedimented with plasma membranes (fractions Fig. 5 . HGF enhances the translation of paxillin independent of migration. Cell migration was blocked by either preincubation (Pre) or coincubation (Co) of migrating epithelial monolayers with the functionally inhibitory ␤1-integrin antibody MAb13 in the presence of HGF or control medium to test whether functional interactions between ␤1-integrin and the cell matrix are required for HGF-mediated upregulation of paxillin protein levels. Monolayers were coincubated with normal rat serum and HGF or control medium as a negative control for normal spreading. MAb13, whether coincubated with or preincubated before HGF, did not diminish the ability of HGF to enhance paxillin protein levels over those in negative control samples. Similarly, blocking antibodies did not have any effect on small and inconsistent upregulations in ␤1-integrin protein levels observed in the presence of HGF. Actin protein levels were completely unaltered by any blocking treatment or by exposure to HGF alone. Fig. 4 . HGF enhances paxillin (Pax) and ␤1-integrin protein levels in spreading epithelial sheets. A: whole cell lysates prepared from wounded T84 epithelial monolayers spreading for 6 h in the presence or absence of HGF were separated by SDS-PAGE and Western blot analysis for paxillin, ␤1-integrin, and actin. Enhanced protein levels of paxillin were consistently observed in T84 samples exposed to HGF. ␤1-Integrin protein levels were occasionally increased on HGF treatment, but there was no effect of HGF on actin protein levels. B: wounded T84 monolayers spreading for 6 h in the presence of HGF or control medium were coincubated with the translation inhibitor cycloheximide (CHX; 10 -20 M), and whole cell lysates were Western blot analyzed for Pax, ␤1-integrin, and actin. Pax was sensitive to CHX in both control and HGF-treated cells, indicating the presence of a translation-sensitive pool of protein. ␤1-Integrin and actin protein levels, respectively, were somewhat sensitive to and completely insensitive to CHX treatment.
ϳ15-19).
Both pools were substantially increased in response to HGF treatment. A small but distinct fraction of ␤ 1 -integrin cosedimented with plasma membrane-containing fractions. Small increases were observed following HGF treatment. HGF did not exert any significant or reproducible effect on the plasma membrane-associated profile of actin in subcellular gradients. The majority of actin sedimented in light-density fractions at the top of the gradients, with a small pool entering the plasma membrane peak in samples from both control and HGF-treated cells.
HGF does not increase paxillin and ␤ 1 -integrin coassociation in plasma membrane fractions.
Because HGF treatment enriched paxillin and ␤ 1 -integrin protein levels in epithelial plasma membrane-containing fractions, we investigated whether this reflected enhanced association with each other. ␤ 1 -integrin was immunoprecipitated from plasma membranecontaining fractions and whole cell lysates of control and HGF-treated T84 cells, and immunoprecipitates were probed for paxillin, ␤ 1 -integrin, and actin (Fig. 7) . Increased coassociation of paxillin and ␤ 1 -integrin was observed in response to Fig. 6 . Subcellular fractionation profiles from epithelial monolayers spreading in the presence or absence of HGF. A: epithelial cells spreading for 6 h in the presence or absence of HGF were subjected to subcellular fractionation on isopycnic sucrose density gradients. Sequential fractions and the pellet (P) obtained from control vs. HGF gradients were then analyzed for sucrose density, alkaline phosphatase (Alk. phos.) activity, and protein concentration. No differences in sucrose density profiles were detected between control and HGF gradients. Maximal activity of the membrane-bound enzyme alkaline phosphatase, used as a marker for plasma membranes, was comparable in both control and HGF gradients as a unimodal peak in approximately fractions 12-15 (ϳ33-41% sucrose). Similarly, HGF did not influence the protein concentration profiles from sequential fractions. B: representative immunoblots of paxillin, ␤1-integrin, and actin in gradient fractions from control and HGF-incubated monolayers are shown here. Two main pools of paxillin were detected in control gradients: a high-density pool near the top of the gradient that coincided with the bulk of cellular protein and one between 33-41% sucrose, which coincided with peak membrane alkaline phosphatase activity. Paxillin levels in both pools were substantially increased in gradients prepared from HGF-incubated monolayers. In both control and HGF gradients, ␤1-integrin was mainly recovered from higher-density fractions, with a small percentage in plasma membrane-containing fractions. HGF treatment was associated with variable increases in ␤1 recovery from both compartments, the plasma membrane compartment in particular. The profile of actin recovered from control and HGF gradients was wider than those for paxillin or ␤1-integrin and stretched continuously from the top of the gradients into the plasma membrane-containing fractions. No substantial differences were observed between actin profiles in control and HGF gradients.
HGF treatment when ␤ 1 was immunoprecipitated directly from whole cell lysates. Only low levels of paxillin cosedimented with ␤ 1 -integrin when ␤ 1 -integrin was immunoprecipitated directly from plasma membrane-containing fractions. Thus we did not detect any differences between paxillin and ␤ 1 -integrin coassociation in this plasma membrane compartment following HGF treatment.
Paxillin was also immunoprecipitated from whole cell lysates or plasma membrane fractions of control vs. HGF-treated T84 cells. Cosedimentation of ␤ 1 -integrin with paxillin was below detectable limits in all paxillin immunoprecipitates. However, increased levels of paxillin were detected in paxillin immunoprecipitates from either whole cell lysates or plasma membrane fractions in response to HGF. This is consistent with increased paxillin levels observed in Western blot analyses of whole cell lysates prepared from HGF-treated samples (Fig. 4) . Increased paxillin-actin coprecipitation was not observed in HGF-exposed whole cell lysates or plasma membrane fractions. Taken together, our data support that HGFmediated enhancements in paxillin protein levels reflect the enlargement of a cytosolic pool of paxillin, which is unaffiliated with ␤ 1 -integrin in the membrane.
Src phosphorylation of paxillin is reduced by HGF. Because there is evidence that tyrosine phosphorylation of paxillin influences its localization and function at focal adhesions (2, 47), we reasoned that the tyrosine phosphorylation status of paxillin might delineate between two cellular pools, one currently engaged in adhesion at focal cell matrix contact sites and one in the cytosol. In light of the fact that paxillin was originally identified as a tyrosine phosphorylated substrate of oncogenic Src (14), we incorporated the specific Src inhibitor PP2 into our experimental design to test for the involvement of Src in HGF-stimulated phosphorylation events. As shown in Fig. 8A , high basal levels of Y118-phosphorylated paxillin in control T84 whole cell lysates were reduced by coincubation with PP2 (10 M) but not its negative control inhibitor PP3 (10 M). Substantially less Y118-phospho-paxillin was observed in HGF-treated samples, which was also sensitive to PP2 but not PP3. We observed an identical pattern for Y31-paxillin phosphorylation in T84 cells (data not shown). HGF evoked an increase in paxillin protein levels at the same time point, and actin levels were stable across all conditions. This hints further at the possibility of a free cytosolic pool of paxillin following 6-h stimulation of epithelial cell spreading with HGF. In fact, we found Ͼ80% of total cellular paxillin in T84 cells to reside in a biochemical compartment soluble in TX-100, implying a lack of affiliation with large cytoskeletal or membrane complexes (data not shown). In time-course experiments up to 6 h postwounding, levels of paxillin in both Triton-soluble and -insoluble compartments of HGF-incubated cells exceeded those in control cells (data not shown), but Triton-insoluble paxillin putatively affiliated with cytoskeletal/membrane complexes comprised only a tiny percentage of total paxillin. We also quantitated by densitometry the effect of HGF on protein levels of paxillin, Y118-phosphorylated paxillin, and actin in whole cell lysates from control and HGF-treated samples. In Fig. 8B , levels of each protein in HGF-treated samples are presented as percentages of those in control samples. For statistical analysis, paired Student's t-tests were used to compare HGF vs. control samples from each experiment (n ϭ 4 -7 experiments). Paxillin levels were increased in HGF-treated samples relative to controls, but there was a significant decrease in Y118-phosphorylated paxillin levels (P Ͻ 0.01). The effect of HGF on Y118-paxillin phosphorylation was also Fig. 7 . HGF does not increase paxillin/␤1-integrin coassociation in plasma membrane fractions of spreading cells. ␤1-integrin and paxillin were immunoprecipitated (IP) from whole cell lysates or plasma membrane-containing fractions prepared from monolayers spreading in the presence or absence of HGF for 6 h. ␤1-Integrin immunoprecipitates immunoblotted (IB) with the same antibody revealed increased ␤1-integrin levels in whole cell lysates and plasma membrane fractions following HGF treatment. Paxillin was detected in ␤1-integrin immunoprecipitates from whole cell lysates, with a small increase in the presence of HGF. Actin was also contained within the complex immunoprecipitated by ␤1-integrin from both control and HGF whole cell lysates. When paxillin was immunoprecipitated from whole cell lysates or plasma membrane fractions, no ␤1-integrin was detected in either immunoprecipitates. Increased levels of paxillin were observed in paxillin immunoprecipitates from HGF-treated monolayers relative to controls. Levels of actin recovered from paxillin immunoprecipitates of control vs. HGF-treated cells were not different under any condition, although as expected, the amount of actin that coprecipitated with paxillin was greatest in whole cell lysate samples.
visible at earlier time points of migration (data not shown). We did not observe any changes in the threonine-phosphorylation profile of paxillin immunoprecipitates from control or HGFtreated T84 cells (data not shown). There were no significant differences in actin protein levels between HGF and control samples.
DISCUSSION
We have analyzed migration of a cohesive sheet of epithelial cells and addressed mechanisms by which HGF exerts its motogenic properties on these cells. An early time point (6 h) was chosen in our study to focus on early cell spreading events induced by HGF, which precede better-characterized responses of cell dissociation/scattering followed by tube formation or morphogenesis after prolonged HGF activity (52, 67) . Furthermore, our reductionist model of epithelial cell migration and wound closure took advantage of the slow doubling time of T84 intestinal epithelial cells to exclude any proliferative effects of HGF on wound-closure events. We are confident that remodeling of epithelial cell shape rather than cell division is responsible for the effects we observed over the time courses used. This is based on previous studies (41) in which T84 cells subjected to irradiation (to maximally reduce proliferation) displayed short-term wound closure rates identical to those of nonirradiated control cells.
Coordinated migration of T84 and Caco-2 human colonic epithelial cells into a scratch wound was similarly increased in a time-dependent fashion in our model in response to HGF. Because cell motility depends on F-actin cytoskeletal rearrangements induced by Rho family GTPases (17, 24, 39, 49, 57) , we analyzed the activation status of RhoA, Rac1, and Cdc42 in T84 cells over the same time periods and found RhoA activation to be at its maximum at the time of maximal HGF-induced cell spreading (6 h). Furthermore, inducible expression of dominant-negative RhoA in Caco-2 cells significantly attenuated HGF-stimulated epithelial cell spreading but had a comparatively smaller effect on basal epithelial spreading in the absence of HGF. Thus HGF must exert a profound effect on RhoA activation during its enhancement of spreading, because induction of DN-RhoA in the ϳ70% of cells in our line stably expressing the mutant transgene at high levels was sufficient to attenuate HGF-induced cell spreading back to that of control levels. This concurs with observations in MadinDarby canine kidney cells (MDCK) epithelial cells that early responses to HGF involve RhoA activation but that later responses (8 -16 h posttreatment) feature reduced RhoA activity and the disassembly of characteristic stress fibers that might otherwise promote matrix anchorage and impede motility (48) . Indeed, it has recently been reported (73) that site-specific inactivation of RhoA at cellular protrusions can be achieved by targeting the ubiquitin ligase Smurf1 to Cdc42/Rac1/PAR6 effector complexes containing PKC-. Thus early activation of RhoA appears to be important for the initial spreading response to HGF, but temporal inactivation likely sustains the subsequent scattering response. In support of this, it has been noted that a transient loss of RhoA activity is necessary to downregulate integrin-based adhesive events that allow leukocyte migration (75) .
Consistent with our observations of early RhoA activation in response to HGF, we observed morphological differences in F-actin stress fiber profiles between epithelial cell spreading in the presence or absence of HGF. In addition to enhanced parallel orientation of actin fibers spreading into wounds, HGF induced dramatic expansion of an area of partially flattened cells immediately behind the leading edge. This led us to define three distinct planar zones in migrating epithelial cells: zone I, comprising completely flattened cells at the leading edge; zone II, encompassing partially flattened cells behind the edge; and zone III, designating normal tall columnar cells distant from the wound. The ability of HGF to increase the dimensions of zone II and to activate RhoA could undoubtedly facilitate the coverage of denuded areas and promote wound closure. Interestingly, although RhoA activity promotes cell spreading in response to HGF in our model, it may limit cell spreading at later stages of HGF-induced morphogenesis. Accordingly, it A: to examine whether paxillin was phosphorylated by Src kinases in response to HGF, wounded T84 monolayers were allowed to spread for 6 h in the presence of HGF/control medium and the Src family tyrosine kinase inhibitor PP2 (10 M) or its negative control inhibitor PP3 (10 M). High levels of Y118-phosphorylated paxillin were detected in whole cell lysates of control monolayers, which was reduced substantially by incubation with PP2 but not PP3. Y118-phosphorylated paxillin was much less in HGF-treated samples relative to controls. This too was reduced by exposure to PP2 but not to PP3. Total paxillin protein levels in HGF-treated samples were greater than those in controls and unaffected by either inhibitor. Total actin protein was unchanged across all conditions. B: effect of HGF on whole cell lysate levels of paxillin, Y-118-phosophorylated paxillin, and actin was quantitated by densitometry. Results are plotted as the %total protein in HGF relative to control samples (n ϭ 4 -7 independent experiments; **P Ͻ 0.01 by paired Student's t-test).
has been observed that the RhoA effector Rho kinase is necessary to limit excessive extension of cytoplasmic protrusions in a three-dimensional MDCK cyst model in response to HGF-conditioned media (77) .
Another mechanism whereby Rho may play an important role in HGF-mediated enhancement of migration is via regulation of focal adhesion complexes, sites where cell membranes interface with the matrix through integrin-based proteinaceous complexes (11) . RhoA is known to promote focal adhesion formation, and inhibition of Rho activity decreases focal adhesion complexes in spreading cells (57, 65) . In particular, paxillin is a key scaffolding protein in focal adhesion complexes (3, 4, 62) , and increased paxillin phosphorylation and affiliation with focal adhesion kinase has been documented in renal epithelial cells following incubation with HGF (26) . In our intestinal epithelial model, we noted significant aggregation of paxillin-positive plaques in zone II cells of HGF-treated monolayers in addition to a normal distribution at the tips of actin filaments in zone I of control cells. Most interestingly, this was accompanied by upregulation of paxillin, and, to a lesser extent, ␤ 1 -integrin, protein levels in a cycloheximidesensitive manner. This indicates stimulation of translation during the early spreading response to HGF. In a similar scenario, enhanced paxillin protein levels have been reported in response to the growth factor heregulin in a number of cancer cell lines, as well as in metastatic breast cancer biopsies (72) . Thus combined evidence suggests that paxillin upregulation in response to growth factors correlates with a promigratory phenotype, although invasive potential has previously been correlated only with the tyrosine phosphorylation status of paxillin rather than its total protein levels (51) .
To test whether paxillin upregulation in our T84 model was specifically dependent on the promigratory effects of HGF (via its potential binding partner ␤ 1 -integrin), we blocked migration using an antibody to ␤ 1 -integrin (27) . However, paxillin protein levels were still increased in response to HGF treatment. Furthermore, although HGF increased the amount of paxillin, and ␤ 1 -integrin to a lesser extent, in epithelial plasma membrane compartments following subcellular fractionation, there was no increase in the coassociation of paxillin with either ␤ 1 -integrin or actin in these plasma membrane compartments. Thus it is intriguing to speculate that an early consequence of HGF-induced epithelial cell spreading is augmentation of a cytosolic pool of paxillin, which may be available to facilitate dynamic assembly of focal complexes and their rapid turnover during cell spreading or migration. This is supported by our observations of reduced Y118-phosphorylated paxillin recovered from HGF lysates relative to controls in our model, particularly because tyrosine phosphorylated paxillin may preferentially associate with focal adhesion sites to facilitate the assembly of multiprotein scaffolding complexes (2, 60, 70) . However, paxillin phosphorylation and its contribution to migration is a contentious issue. Multiple reports (32, 43, 45) have shown enhanced tyrosine phosphorylation of paxillin in response to HGF or other growth factors. Paxillin phosphorylation by Src kinases seems to be a prerequisite for paxillin/ ERK associations that drive morphogenesis (19) . Furthermore, a phosphorylation-deficient mutant of paxillin has been reported to retard random motility of rat bladder epithelial cells (44) , but with identical methodology, the invasiveness of rat hepatoma epithelial cells was reportedly enhanced by phosphorylation-deficient paxillin mutants (76) . It has been speculated that the discrepancies highlight differential roles for tyrosinephosphorylated paxillin in random vs. stimulated migration (59) . Our observations that HGF-stimulated reductions in tyrosine-phosphorylated paxillin coincide with enhanced epithelial spreading support this model. It is particularly interesting that such decreases in tyrosine-phosphorylated paxillin occur against a background of increased paxillin protein synthesis in response to HGF. However, caution must be exercised in interpreting the effects of growth factors on motility, because spatial and temporal events ultimately govern responsiveness in individual systems. HGF personifies the complexity of such biological systems by exerting distinct temporal effects; beginning with spreading, proceeding to scattering, dissociation, and terminating with morphogenesis. With this in mind, HGF has been shown to have no effect on tyrosine phosphorylation of paxillin during a late scattering response in HT-29 colonic epithelial cells (18) .
To conclude, we have reported a novel upregulation of paxillin translation concomitant with a reduction in paxillin tyrosine phosphorylation in an early response to Rho-dependent epithelial cell spreading induced by HGF. A large pool of paxillin localizes behind rather than at the leading edge of spreading cells and is not complexed with the actin cytoskeleton or the membrane. Thus we propose that HGF promotes the formation of a free cytosolic pool of paxillin that dynamically feeds rapidly assembling focal complexes as a mechanism of enhancing epithelial cell spreading.
